The kudzu bug, Megacopta cribraria (Fabricius), recently became an invasive insect pest of soybean, Glycine max (L.) Merr. in the southeastern USA capable of reducing crop yield by as much as 60% if left untreated. To reduce these losses and minimize control costs, new methods for detecting kudzu bugs must be investigated in order to optimize control measures. One such method would be to detect volatiles released by kudzu bugs. An electronic portable device was developed to draw volatile organic compounds (VOCs) produced by kudzu bugs over carbon black-polymer composite sensors and measure the change in resistance for each sensor. Sensors made using polymers poly (bisphenol A carbonate) (p = 0.041), poly (styrene-co-allyl alcohol) (p = 0.017) and poly (vinylpyrrolidone) (p = 0.040) showed significant differences in resistance change for M. cribraria VOCs over the control. A logistic regression was 94.4% accurate based on the resistance changes from sensors made from polymers poly (4-vinylphenol), poly (styrene-co-allyl alcohol), and poly (vinylpyrrolidone) as features. These results indicate the capability of the device to detect kudzu bugs by detecting volatiles released by the insects.
Introduction
Megacopta cribraria (Fabricius) (Hemiptera: Plataspidae), commonly called the kudzu bug, was not well-known in the Western Hemisphere until it was identi-fied in northeast Georgia USA in mid-October 2009 [1] . In 2012, its presence was confirmed in 158 counties of Georgia, 89 North Carolina counties, all 46 counties of South Carolina, 45 Alabama counties, 19 Virginia counties, 16 Florida counties, 14 Tennessee counties, and 4 Mississippi counties [2] . Megacopta cribraria was first identified as a nuisance pest, emerging from nearby kudzu patches to aggregate on homes while looking for a place to overwinter, but it was later found infesting soybeans Glycine max (L.) Merr. [3] . In 2010, untreated G. max fields saw an average reduction in crop yield of 19 percent [4] . Seiter [5] reported M. cribraria densities as high as 182 nymphs and adults per plant which reduced G. max yields by as much as 59.6%.
Since this species has emerged as an agricultural pest, its distribution within G. max [6] has been reported, sampling plans have been developed [7] [8] , and action thresholds have been established [9] . Currently, the recommended sampling methods for this type of pest are sweep-net sampling and canopy observation [10] . However, because kudzu bugs are small (4 -6 mm anterior to posterior), G. max produces no visible injury during at least a few days after feeding [3] , and monitoring can be difficult. Furthermore, species of Megacopta form mating aggregations [11] . They tend to congregate with the highest concentrations on the outside rows with fewer infested plants throughout the fields [3] .
This characteristic implies that it may be possible to maintain acceptable control by optimizing pesticide applications by applying pesticides only to areas that exceed a certain threshold.
The M. cribraria releases odors when disturbed [3] . Although the pheromones of the M. cribraria have been flagged as an important area of research, little is known about these pheromones [12] . However, plataspid species have been shown to release alarm pheromones when agitated [13] . A potential method to monitor these insects would be to exploit the volatiles released by M. cribraria bugs.
Carbon black-polymer composites have been used to detect natural and synthetic insect volatiles. They have been shown to increase resistance in the presence of specific volatiles [14] . Portable electronic noses that employ various types of carbon black-polymer composites and pattern recognition software are commercially available, such as the hand-held Cyranose 320 (Smith Detection, Pasadena, CA; now supplied by Sensigent, Balwin Park, CA). The Cyranose 320 has been shown to detect natural and synthetic insect volatiles [15] [16] . However, this device is expensive (>$10,000), requires trained personnel for analysis, and lacks real-time software for "on-the-go" measurements of M. cribraria volatiles. Currently, there are no published data on the response of carbon black-polymer composites to M. cribraria volatiles.
The objective of this research was to develop an electronic device using carbon black-polymer composite sensors for detection of M. cribraria and to investigate the response of carbon black-polymer composites to M. cribraria volatiles. This detector would be used specifically by growers and consultants for detecting kudzu bugs and provide rapid results for in-field decision on control. Further-more, because optimal carbon black-polymer composites were identified for detecting kudzu bugs, our specific array of sensors will not require training, and be cheaper than commercial units ($500 vs. $10 K).
Methodology

Collection and Rearing of Insects
Over 100 adults of M. cribraria were collected from fields of G. max at the Edisto Research and Education Center near Blackville, South Carolina, in June 2012, and identification of the insects were made using methods described by Benson and Greene [17] . Kudzu bugs were held in a plastic cage and fed a diet of fresh green beans. The cages were held in a controlled environment room at 30˚C ± 2˚C and 70% relative humidity with a photoperiod of 14:10 (L:D) h.
Fabrication of Sensors
Carbon black-polymer composite sensors were constructed by drop coating a carbon black-polymer mixture onto a custom printed circuit board (PCB). The Composite solutions were made using 20 mg suspended carbon black (BP2000, Cabot Co., Billerica, MA) and 80 mg polymer in 10 ml solvent. Polymers used were poly (vinyl butyral), poly (4-vinylphenol), poly (bisphenol A carbonate), poly (styrene-co-allyl alcohol), poly (styrene-co-maleic anhydride), poly (vinyl acetate), poly (vinylidene chloride-co-acrylonitrile-co-methyl methacrylate) and poly (vinylpyrrolidone) ( Table 1 ).
These polymers were chosen based on their use in previous research [14] [18] .
Tetrahydrofuran was used as the solvent for all sensors. All polymers and solvents were ordered from Sigma-Adrich (St. Louis, MO). Solutions were sonicated for one minute prior to drop coating to ensure carbon black suspension Figure 1 . Printed circuit board for carbon black-polymer composite sensors. Table 1 . Carbon black-polymer composites that were used in the sensor arrays α and β. Array 1, 2, and 3 corresponds to arrays α1, α2, and α3 for the sensor board α (sensors 1, 3, 5, and 7); and to arrays β1, β2, and β3 for the sensor board β (sensors 2, 4, 6, and 8). (Table 1) .
Four sensors were assigned to array α, and four sensors were assigned to array β. Our initial testing with sensor location on the PCBs indicated that sensor order did not affect sensor response, therefore, sensors 1, 3, 5, and 7 were assigned at random to array α in positions 1, 2, 3, and 4, respectively, with position 1 being closest to the sample input. Sensors 2, 4, 6, and 8 were assigned at random to array β in positions 1, 2, 3, and 4, respectively. Each array was replicated 3 times (3 sensor boards) for a total of 6 arrays: α1, α2, α3, β1, β2, and β3. Arrays were replicated to study the effect of baseline resistance on sensor response.
Development of Detector
To develop the detector, system components ( The MoteStack was responsible for providing the digital output for controlling the pump and valve. Output voltages were also recorded using a data logger (midi logger GL220, Graphtec Corporation, Yokohama, Japan).
The control circuit (Figure 3 ) was installed on the control circuit PCB. The 
Testing of the Device
With this system, an air stream was drawn across an array of four carbon blackpolymer composite sensors, and the change in resistance of the sensors was calculated. First, a 25-s purge cycle drew ambient air across the sensors. Then, a solenoid valve energized and redirected the air flow so it drew sample air across the sensors for a 15-s cycle. The flow rate was measured by a rotameter.
For each sample, 3 kudzu bugs were placed in 10 mL test tubes. Empty 10 mL test tubes were tested for controls. Two small holes were placed in the top of the test tubes to prevent a vacuum. The M. cribraria were agitated for 20 s to stimulate volatile production, and then the sampling tubing was inserted into one of the holes in the test tube. The sampling tube was inserted until it was within 3 cm of the bottom of the test tube. Ambient air was pumped and drawn over the The resistance of the sensors was calculated using the voltage drop across the sensor. A calibration curve was created for each sensor position using known resistors and the Equation (1):
where R is the resistance of the resistor, V is the voltage drop across the resistor, and a and b are constants. This calibration equation was used to account for the internal resistance of the data logger in parallel with the sensor. Baseline resistance was defined as the sensor resistance immediately after the solenoid valve was energized, maximum resistance was defined as the largest resistance measured during the sampling cycle, and percent change in resistance was calculated by dividing the difference between the maximum and baseline resistances by the baseline resistance.
For clarity, data were graphed as a 3-period central moving average. Each point was graphed as the average of that datum point, the datum point immediately preceding it, and the datum point immediately after it. This allowed the trend of data to be observed more easily.
Percent changes in resistance of controls and M. cribraria volatiles were compared with a Student's t-test. Percent changes in resistance among sensor arrays were compared using ANOVA. Normality assumption was verified by histogram. A significance level of 0.05 was used for all analyses. A logistic regression was created using the percent change in resistance for each sensor in an array after a 1-s sampling cycle. Leave-one-out cross-validation was used to verify the model.
Results
Some sensors showed an increase in percent resistance change when exposed to 
where y is probability of the VOCs belonging to a M. cribraria, x n is the percent change in resistance of the n th sensor, and the β 0..n are coefficients. If y was greater than or equal to 0.5 and the sample belonged to a M. cribraria, it was considered correctly identified. If y was less than 0.5 and the sample was a control, it was also considered correctly identified.
Discussion
Results show that the most effective carbon black-polymer composite sensors were sensors 3, 4, and 8 because they showed significant differences in response to the presence of kudzu bugs after 1 s. Because no additional sensors showed a significant change in resistance after 2 s or 15 s of sampling, it can also be concluded that only a 1-s sample is needed for detection. This short sample is likely due to the small size of the test tube in which the bugs were sampled. Because the entire test tube can be sampled in 0.7 s and kudzu bugs only produce volatiles when agitated and not continuously, it was predicted that only the first 0. Because the accuracy for the logistic regression using responses from sensors 2, 4, and 8 as features was higher than the logistic regression using 2, 4, 6, and 8
as features using a 1-s sample, this indicated that removing insignificant features may increase accuracy. However, because the accuracy for using features 2, 4, and 8 was higher than the accuracy for using 4 and 8, this indicated that even insignificant features might contribute to the accuracy of a multiple logistic regression for detection of these volatiles. Therefore, it can be concluded that statistical significance is not a good indicator of the contributions of various features.
Limitations of this study include fixed testing conditions where the concentration of M. cribraria volatiles can be assumed to be relatively constant between
replicates. In field conditions, volatile concentrations may differ significantly.
Therefore, future studies should examine the effect of volatile concentration on sensor response and to determine the detection limit of sensors to known concentrations of M. cribraria volatiles, and/or ability of sensors to respond to M. cribraria densities in "open air" or "field conditions".
Conclusions
This research showed the potential of using carbon black-polymer composites for detecting volatiles from kudzu bugs and the potential for development of a portable electronic nose that is able to detect volatiles emitted from the species within a 1-s sampling cycle. It also shows the potential for a multiple logistic regression to detect these volatiles.
Limitations of this study include fixed testing conditions where the concentration of M. cribraria volatiles can be assumed to be relatively constant between replicates. In field conditions, volatile concentrations may differ significantly.
Recommendation
Further research may include the use of carbon black-polymer composites for distinguishing volatiles from various insects. To increase accuracy of detection, carbon black-polymer composites using additional polymers and methods to decrease sensor response to ambient air may be investigated. For example, the addition of a filter on the ambient air intake may increase the accuracy of the device. Also, investigating shorter purging cycles may decrease total testing time.
Also, the MoteStack can be upgraded to provide additional features, such as wireless data transmission via various interfaces (i.e., cellular, WiFi, Zigbee).
